The viscoelastic shear properties of human vocal fold mucosal tissues were measured with a rotational rheometer. It was found that vocal fold mucosal tissues show the shear-thinning behavior and a relatively flat damping curve, similar to other biological soft tissues.~eoretical predictions based on the quasi-linear viscoelastic theory (Fung, 1993) matched reasonably well with the empirical data. Wr results suggest that the shear properties of vocal fold mucosa may be described by the theory under smallamplitude oscillation conditions, In the biomechanics literature, Y.C. Fung's quasi-linear viscoelastic theory (QLV) (Fung, 1993) has been successfully applied to model the time-and history-dependent viscoelastic properties of a wide variety of biological soft tissues in the passive state. One interesting viscoelastic material property that has been well described by the QLV is the hysteresis or damping characteristic, usually quantified as a loss tangent or damping ratio. Previous experiments have shown that the damping ratio of many biological soft tissues remain relatively insensitive to the rate of deformation (strain rate or frequency) across several decades of variation. This insensitivity to frequency cannot readily be accounted for by traditional discrete models of linear viscoelasticity (e.g., Maxwell and Kelvin models). These discrete models, made of a finite number of springs and dashpots, are associated with a finite number of time constants which can be described by a discrete spectrum of the stress relaxation function (or weighting function for relaxation time constants), predicting a finite number of peaks in the damping curve. On the other hand, the QLV provides a mathematical framework in which a continuous relaxation spectrum can be used to model the relatively flat damping curve of soft tissues. A specific continuous relaxation spectrum proposed by Fung is
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where~is a continuous "time constant" variable, the constants c (dimensionless), z, and 72 (in seconds) determine the limits of the continuous spectrum and serve as model parameters for curve fitting.
Tissues of the vocal fold mucosa (the supetilcial layer of the larnina propria) play an important role in the mechanics of vocal fold vibration, beeause the mucosal layer has been shown to exhibit the largest vibrational amplitude during voice production, especially during small-amplitude oscillation. For instance, it has been shown that phonation threshold pressure, the minimum lung pressure required to initiate arr~or sustain vocal fold oscillation, is directly relatd to the viscous properties of the vocal fold mucosa (Titze, 1988) . Phonation threshold pressure provides an objective indication of the "ease" of phonation as well as vocal effort. It is therefore important to quantify the viscoelastic properties of the vocal fold mucosa.
The viscoelastic shear properties of human vocal fold mucosa were measured with a rotational rheometer (Bohlin CS-50 with a parallel-plate shearing geometry). Vocal fold mucosal tissues were taken from ten adult male cadavers obtained from autopsy, within 24-hour post-mortem. Age of the subjects ranged from 28 to 72 (mean = 46 years old). Tissues were subject to small-amplitude oscillatory shear deformation, at a frequency range of 0.01 to 15 Hz. Measurements at higher frequencies were not performed baause of machine limitations due to inertial problems. Data on complex shear modulus ( G* ), complex dynamic viscosity ( q* ), and damping ratio (~) were obtained as functions of frequency.
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0-2 10°102 Frequency (Hz) 3 show the empirical data (averages often subjects in circles) and the theoretical predictions basal on the QLV (solid lines). It can be seen that the magnitude of complex shear modulus (IG*I, an estimation of overall shear stiffness) is a slowly increasing function of frequency (Fig. I) , while dyntic viscosity (q') varies inversely with frequency (i.e., shear-thinning) (Fig. 2) , md damping ratio is relatively flat across a wide range of frequency (Fig. 3) , The theoretical curves (with c = 10, r, = 0.0005,~z = 70) match reasonably well with the empirical data, although there are some discrepancies at higher frequencies.
Our results suggest that the viscoelastic shear properties of human vocal fold mucosa may be modeled by Fung's quasi-linear viscoelastic theory, under small-amplitude oscillation conditions. Theoretical predictions of the QLV also suggest that the damping characteristic of vocal fold tissue is relatively insensitive to frequency, which helps explain why phonation is possible over a relatively wide range of pitch (in singing).
